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Introduction
The availability of engineered serine proteases allows the study of their activation, substrate specificity and regulation of various physiological processes. As the initiator of the coagulation cascade of LAL (Limulus Amoebocyte Lysate) 1 , Factor C (FC) is a multidomain serine protease which is activated by trace amount of its ligand, endotoxin (lipopolysaccharide, LPS) [1] . LAL is widely employed to detect the presence of LPS in various industrial and clinical products [2] . Analysis of the amino acid sequence indicates that FC is a complex modular protein, comprising 11 domains. ref. hosts. Instead, it may serve as a membrane anchor and invariably result in membranebound recombinant protein. Thus, an alternative signal peptide is needed to obtain secreted FC for investigation of its domain-function relationship. Using a cross-host secretory signal, ss [8] , which leads to the secretion of various recombinant proteins in both prokaryotic and eukaryotic systems, we have recently produced full length and biologically functional domains of FC that binds LPS [9, 10] .
The LPS binding and enzymatic activity of Factor C are functionally distinct and are localized in the N-terminal sushi (ES) and C-terminal serine protease domains (SP), respectively [10, 11] . However, the importance of interdomain interactions for expression and biological activity of FC is hitherto unknown. Of particular interest is the proline-rich region, PRR, of the FC protein. Proline residues contribute significantly to the conformation and rigidity of the protein structure, and PRR serves as a molecular hinge in a number of proteins 12, 13, 14 , affecting protein-protein interaction and protein-ligand binding. In this study, we focus on the potential involvement of PRR in FC secretion and function. By systematic design of FC deletion homologues with and without PRR, we are
Experimental procedures
Unless otherwise stated, all reagents were of molecular biology grade, purchased from Sigma (USA). Canine calnexin (cCNX) [19] and human calreticulin (hCRT) [20] cDNAs were subcloned into pAc5.1/V5-HisA.
Construction of expression plasmids -
Site-directed mutagenesis of the N-glycan sites of FC was performed using QuikChange TM site-directed mutagenesis kit (Stratagene, USA). Mutations were verified by sequencing.
Transient and stable transfections -Plasmids were isolated using CsCl-ethidium bromide gradient ultracentrifugation. Drosophila S2 cells were maintained at 25 C in DES TM medium supplemented with 10 % FBS (Clontech, USA). Calcium phosphate-mediated transient transfection was performed according to the manufacturer's recommendation (InVitrogen, USA). For stable transfection, pCoHYGRO selection plasmid was cotransfected with Factor C expression construct, selected with 350 g/ml hygromycin for 4-6 weeks, and adapted to DES TM serum free medium.
For chaperone co-expression studies, Cellfectin-mediated (Gibco-BRL, USA) transfection was performed with DNA mixture containing 1 g each of FC and chaperone expression construct. Control transfections were performed with FC expression construct and parental pAc5.1/V5-HisA DNA, instead of chaperone expression constructs.
Partial tryptic digestion of FC -Two l of trypsin solution (100 ng/ l) in 50 mM acetic acid was added into 200 g of FC in 100 l of 50 mM NH 4 HCO 3 . The digestion was carried out at 4 C. At time intervals, 10 l of the reaction mixture was removed and terminated by 4 l of the 4 SDS sample buffer. Western analysis was performed on the digested samples using polyclonal rabbit anti-FC antibody.
In vivo glycosylation inhibition and ConA-Sepharose binding assay -Tunicamycin (TM) inhibits N-glycosylation of glycoproteins by blocking the first step in N-glycan biosynthesis, while -deoxynojirimycin (DNJ) and -deoxymannojirimycin (DMJ) specifically inhibitglucosidase and -mannosidase activities, respectively, thus blocking the conversion of high mannose oligosaccharides to complex-type oligosaccharides. S2 cells stably expressing FC were exposed to sublethal doses of TM (5 g/ml), DNJ (5 mM) and DMJ (2 mM). Proteins from treated cells were collected at 24 h and subjected to affinity chromatography on ConASepharose (Pharmacia). Conditioned medium containing 10 g/ml secreted FC, and cell lysate protein containing 1 g/ l cellular FC were incubated with 1/5 volume of ConASepharose at 25 o C for 1.5 h. The unbound fraction containing aglycosylated FC was recovered by centrifugation at 2,000 g for 5 min. The resin-bound glycosylated FC was dissociated via boiling for 5 min in 3 resin volumes of SDS-PAGE loading buffer. Both fractions were subjected to Western analysis.
Immunoprecipitation and analysis of FC and chaperone association -S2 cells cotransfected with FC and chaperone expression plasmids were collected on day 5 posttransfection and washed twice with 1.0 ml PBS. Cells were resuspended in 500 l lysis buffer (0.1 PBS, 1.0 mM PMSF, 1.0 M aprotinin), sheared 7 times through 27-gauge needle and centrifuged at 14,000 g for 15 min. Supernatant containing the cell lysate (L) proteins was retrieved. The pelleted membranes (P) were solubilised in 500 l lysis buffer containing 1 % digitonin, for 30 min at 4 C with occasional agitation. The samples were clarified at 14,000 g for 15 min to separate aggregates from solubilised proteins, which were used for subsequent immunoprecipitation.
Fifty l of protein A-Sepharose (Pharmacia) was incubated with 50 l of PBS containing 2 l of anti-V5 antibody for 1 h at 4 C. After incubation, 100 l of solubilised protein samples was immunoprecipitated at 4 C overnight on a rotator. The samples were centrifuged and washed 3 times with cold PBS. Forty l of SDS-PAGE loading buffer was added to each tube, and boiled for 5 min before Western analysis.
Concentration and partial purification of FC -Culture medium containing secreted FC was collected after centrifugation of cell culture at 3,000 g for 10 min at 4 C. Medium was concentrated 10-fold by ultrafiltration using regenerated cellulose membrane cassette (Pellicon XL, 30 kDa molecular weight cut-off, MWCO, Millipore) at 4 C. Concentrated protein sample was chromatographed on a Sephadex G-100 (1.5 90 cm) column. Fractions containing partially purified FC were pooled and concentrated using Centriprep regenerated cellulose membrane (30 kDa MWCO, Amicon YM).
In vitro endoglycosidase digestion and glycan differentiation -10 g each of partially purified secreted FC from Sf9-BEVS and S2 was denatured in 5 % SDS, 10 % -mercaptoethanol for 10 min at 100 °C, and subjected to endo H and PNGase F (New England Biolabs) digestion at 37 C for 16 h, followed by Western analysis using anti-FC antibody.
Control samples were treated in the same way except in the absence of enzyme. (Fig. 1A) . Interestingly, although subcloned downstream of a potent secretion signal, not all the FC proteins were secreted, suggesting that the localisation of FCs might be signal sequence-independent. We observed that the FL could be detected in the culture medium.
However, the deletion of PRR from FL, yielding FL(-PRR), is not secreted (Fig. 1A , constructs 1 and 2). This indicates that PRR is important for the secretion competency of (Fig. 1B) , suggesting that they were properly folded into a series of individual compact domains, which are relatively trypsinresistant. It is interesting to note that two of the tryptic fragments, 80 and 52 kDa, corresponded to LPS-activated autocleavage of Factor C. Importantly, both PRR-deficient mutants, FL(-PRR) and SP, were rapidly digested by trypsin and were not detectable by anti-FC antibody after 1 h. Two isoforms of SP, of ~38 kDa were observed, of which the larger isoform was rapidly digested by trypsin. Interestingly, the minor smaller isoform increased slightly over the tested time period. This increase could be generated from a small subpopulation of the larger isoform, and were relatively resistant to trypsin digestion. These results show differences in protein folding between intracellular PRR-deficient FCs and secretion competent FCs. It is envisaged that lack of PRR upstream of the SP domain tend to result in misfolded FCs, which expose more accessible trypsin cleavage sites that render them more susceptible to protease digestion.
Clearly, PRR is important for the folding and hence, secretion of the serine protease.
Essentially, PRR can only exert its effect when the serine protease domain is localized downstream of it. To determine the critical N-glycan sites, a series of glycomutations were introduced (Table I) The chaperones did not affect ES expression and secretion. This is not surprising since the
LPS-binding ES domain is not glycosylated (Fig. 2E). Co-immunoprecipitation experiments
showed that cCNX co-precipitated with FL(-PRR) and SP (Fig. 2F , left panel), but no apparent interaction was observed with hCRT (data not shown). Since hCRT consistently gives a small increase in FC expression, it is conceivable that the association between FC and hCRT is transient. Specific interaction between the N-glycans of FC and cCNX was further confirmed using N-glycosylation inhibitors, TM, DNJ and DMJ. Consistent with the above observation, treatment with TM and DNJ abolished the interaction between FC and cCNX, while DMJ had no effect (Fig. 2F, right panel) . This clearly indicates that the N-glycans on the FC molecules are responsible for interaction with cCNX. In addition, cCNX probably recognises certain structures of FC N-glycans, and binds specifically to de-glucosylated form of FC. Taken together, the results indicate that N-glycans are important for interaction with cCNX, which increases the solubility of the FC protein, and that its observed effect on protein secretion is secondary to the lack of this interaction. Furthermore, the PRR region, although critical for the correct conformation of downstream serine protease domain, is dispensable for the interaction with these chaperones.
Specific glycosylation modification is required for FC enzymatic activity -In addition to its contribution to protein solubility, N-glycans have been reported to influence protein functions [16] . As glycosylation is the only post-translational modification known so far in FCs, we attempted to precisely investigate the extent and type of glycosylation in FC that can alter LPS-induced autocleavage and its enzymatic activity. Sf9-BEVS FC was previously demonstrated to exhibit LPS-induced cleavage and enzymatic activity [22] . (Fig. 3B) . Collectively, we have shown that the glycan structures of FC expressed in S2 are different from FCs derived from Sf9, CAL and LAL. Such differences in glycomodifications can translate into disparity in protein functions.
LPS-activation of the FC expressed in Sf9-baculovirus expression system was cleaved into two protein fragments of 80 and 52 kDa (Fig. 3C) , with resultant enzymatic activity [22] .
In contrast, attempts at measuring LPS-inducible enzymatic activity of S2 FC showed that it does not autocleave, and exhibited no enzymatic activity. The abovementioned host cellspecific complexity of glycosylation of the FCs offers plausible explanations for this lack of cleavage and enzymatic activity. 
Discussion
In this study, we have identified two important determinants of protein secretion of a mosaic serine protease -the PRR and certain strategically located N-glycans. PRR is necessary for proper folding of the downstream SP domain. The N-glycans, particularly those residing downstream of PRR, at/near the SP domain, contribute to stable interaction with specific chaperone(s) and consequently increase the solubility of FCs. Although both factors are involved in different aspects of protein expression, they are equally critical for the maturation and secretion of the protein (Fig. 5) . We also identified two potential domains that contribute to FC's LPS binding activity. Absence of the lectin-like and sushi 4 domain in SP·PRR leads to an apparent decrease in affinity for LPS by 4-fold compared to FL, indicating that these two domains could either affect the conformation of the upstream LPS binding domains, or they also directly contribute to the binding of LPS. Finally, we provide evidence that the N-glycans are dispensable for LPS-binding, but that the differential complexity in glycosylation is critical for LPS-induced cleavage and enzymatic activity.
PRR governs the folding of downstream SP domain -The significance of modular arrangement to the structural integrity and functionality of multidomain proteins such as
Factor XII and FC may provide us with important insights into their regulation, activation and substrate specificity. The availability of secreted recombinant proteases in a heterologous system is usually preferable for ease of subsequent purification and functional studies. As the secretion of a protein not only relies on its signal peptide, but also the intrinsic amino acid sequence which determines the final tertiary structure of the mature protein, we examined the secretion of FC constructs containing different modular domains in their native and reciprocal positions.
In the middle of the FC molecule is the basic PRR (amino acid 641 -QNPPVPSYGSVEIKPPSRTNSISRVGSPFLRLPRLPLPLARAAKPPPKPR -690), which contains three Src homology 3 (SH3) binding core motifs [23] , PXXP. SH3 domains affect protein targeting, enzymatic activity and play a role in signal transduction 24 . It is possible that the PRR of Factor C is involved in transducing LPS-induced activation of the serine protease enzymatic activity as well as contributing to the LPS-dependent multi-activation of Factor C via protein-protein interaction [25] . In addition, the PRR of Factor C shares homology with the hinge region of human coagulation Factor XII [26] . Hence, it is possible that the PRR acts as a crucial conformational motif necessary for the secretion and function of such serine proteases.
In this study, we constructed and expressed a pair of domains. Thus, PRR itself may act as an intra-molecular chaperone for correct folding of the downstream SP region for its subsequent transportation through the organelle. In support of our data, it was reported that the minimal portion of secreted Factor XII, which is also a multidomain serine protease similar to FC, also contains PRR [27] .
The differential susceptibility to trypsin clearly demonstrates the importance of PRR in the correct folding of the downstream SP region and in directing the secretion of glycosylated FC (Fig. 1B) . Trypsin acts preferentially at the unfolded regions in proteins, such as the domain boundaries of a mosaic protein. It is worth noting that on the basis of sequence specificity alone, there are close to 100 and 50 potential trypsin cleavage sites for FL and PRR·SP, respectively. However, only 3-4 characteristic bands, representing two sets of relatively protease-resistant fragments were detected after partial tryptic digestion. Therefore, the stable fragments are attributable to the compactly folded individual domains. The 38 kDa stable fragment observed after digestion of both FL and PRR·SP could be the properly folded SP domain. On the contrary, PRR-deficient mutants, FL(-PRR) and SP failed to give rise to characteristic patterns of stable products, suggesting that they are incorrectly folded and are more susceptible to proteolytic digestion.
The crystal structure of a catalytic fragment from human C1s, which shares high similarity to Factor C modular architecture, has been determined [28] . The CCP2 module (sushi domain) of C1s is oriented perpendicularly to the surface of the SP domain, and the connection is maintained through a rigid module-domain interface involving intertwined proline-and tyrosine-rich polypeptide segments [28] . Since the residues maintaining the interface framework are highly conserved in the sushi-SP family, it is believed that the rigid sushi-SP assembly is also present in Factor C [29] . Consistent with the role of a moduledomain interface, our data show that the absence of PRR changes the sushi-SP assembly, resulting in misfolding of the deletion homologues, rendering them non-secretory.
Many other studies have documented the importance of PRR to the biological functions of different proteins, and that its removal adversely affects the localisation and activity of such proteins [30, 31, 32] . Thus, rather than restricting to a small subset of serine proteases, the PRR could be a universal conformational motif that regulates protein targeting.
N-glycans contribute to the interaction with chaperones and solubility of the recombinant
proteins -While the data above clearly demonstrate that PRR is an important secretory determinant of FC, PRR also exerts a preferential effect on the serine protease domain, SP,
and not on the LPS-binding ES domain. A distinctive characteristic is that ES does not harbor any N-glycosylation sites. Using specific glycosylation inhibitors and site-directed mutagenesis, we demonstrate that inhibition of glycosylation blocked the secretion of FL.
The aglycosylated FL became intracellularly localized even though their corresponding PRR was present, thus indicating that N-glycosylation is also critical for PRR-dependent secretion The mechanism by which N-glycans aid in FC secretion is attributable to its ability to interact with chaperones. Over-expression of chaperones has been proven to improve protein folding and stimulate secretion of certain target proteins [34] [35] [36] [37] . In this study, the secretion of FL and solubility of the cellular glycosylated FCs [FL(-PRR) and SP] were greatly enhanced by the presence of cCNX. Specific interaction between certain structures of Nglycans and calnexin was further confirmed by glycosylation inhibition study. So, it is evident that the N-glycans of FC functions through interaction with molecular chaperones to aid in protein folding, and subsequent secretion. On the other hand, co-expressed chaperones did not overcome the non-secretory problem of FL(-PRR) and SP, suggesting that their intracellular localization was determined by their conformation, and not the lack of certain molecular chaperones in the host cell secretion pathway.
Functional FC ought to display both LPS-binding and LPS-activated enzymatic activity. However, these two properties were uncoupled in S2 produced FC. S2 FC binds LPS but it is not cleaved and not enzymatically-activated. This is in contrast to Sf9-BEVS FC, which we demonstrated previously to harbor both functions [22] . 
